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Abstract 
Solubility of nitrogen in propylene glycol/water mixtures (25 %, 41.84 % and 100 % glycol by weight) have been determined in 
a temperature range from 10 °C to 110 °C using a static isochoric measuring method and are compared to the solubility of a 
typical solar liquid. 
To evaluate the amount of gas in a solar system it is necessary to measure the part of gases dissolved in the solar liquid, but also 
to consider the fraction of free gases (gas bubbles or gas cushions) in the system. Measuring this part was either not possible or 
only possible with a big technical effort until now. Therefore a new method was developed, which easily and fast identifies the 
volume of undissolved gases (“Gas Bubble Test”). The method was validated in extensive investigations in real solar systems. 
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1. Gas in solar circuits 
Gas in solar circuits causes various problems like flow instabilities and partial stagnation as described in [1]. 
Knowing the concentration of dissolved (in the solar liquid) and the amount of undissolved gases (located in bubbles 
and cushions) in a solar thermal system is the precondition for evaluating the quality of a filling procedure and the 
performance of a following venting or degassing process. Therefor the knowledge of solubility coefficients of the 
 
 
* Corresponding author. Tel.: +49 351 463 32375; fax: +49 351 463 37076  
     E-mail address: karin.ruehling@tu-dresden.de  
 2014 he Authors. Published by Elsevier Ltd. 
l ti n and pe r eview by the scientific conference committee of SHC 2013 under responsibility of PSE AG 
722   Martin Heymann et al. /  Energy Procedia  48 ( 2014 )  721 – 730 
used solar liquid is the basis of further investigations. Measuring procedures for both parts of the gas load had to be 
developed and are discussed in this paper. 
 
Nomenclature 
GBT Gas Bubble Test 
H2O water 
N2 nitrogen 
N standard conditions (0 °C, 101.325 Pa) 
S solvent 
25G propanediol/water mixture with ߦ௚௟௬௖௢௟=0.25 
41G propanediol/water mixture with ߦ௚௟௬௖௢௟=0.4184 
100G propanediol 
Ԣ liquid phase 
ԢԢ gaseous phase
 
ܿ௜ concentration of Constituent ݅ [kg/m³] 
݃ gravitational acceleration [m/s²] 
ܩሶ  global radiation [W/m²] 
ܪ୒ଶ Henry constant for nitrogen [Pa] 
ȟܪୗ୘ effective depth [m] 
ܯ௜ molar mass Constituent݅ [kg/kmol] 
݉ୋ୆ mass of the gas bubble [kg] 
݉ୗ mass of the solvent [kg] 
݊௜ amount of substance ݅ [mol] 
݌୑ǡ௝ measured total pressure in State ݆ [barg] 
݌௝ total pressure of the gas cushion in State ݆ [bar] 
݌୒ଶ partial pressure of nitrogen [bar] 
݌ୗ saturation vapour pressure [bar] 
ݐ temperature [°C] 
ୋܸ୆ǡ௝ volume of the gas bubble in State ݆ [m³] 
୒ܸǡ୒ଶ volume of the dissolved gas at standard conditions (N) [m³] 
ȟ ୊ܸ୪୳୧ୢ  volume of liquid drained during GBT [m³] 
 
ߣ௜ technical solubility coefficient [Ncm³/gڄbar] 
ߦ୥୪୷ୡ୭୪ mass fraction of glycol (1,2-propanediol) [-] 
ߩ୊୪୳୧ୢ density of liquid [kg/m³] 
ߩ୒ǡ୒ଶ density of nitrogen at standard conditions (N) [kg/m³] 
 
2. Solubility coefficients of Nitrogen in solar liquids and 1,2-propanediol/ water mixtures 
The knowledge of the solubility data of a given fluid is necessary to interpret processes of absorption and 
desorption, to identify the maximum possible load of gas and to measure the dissolved amount of gas in a solar 
circuit. Until now, solubility coefficients have been available only for one common solar liquid [1]. But numerous 
solar liquids with different propylene glycol (1,2-propanediol)/water ratio and different inhibitors are on the market. 
The aim of the research is to create a regression function of solubility for the parameters temperature and mass 
fraction of 1,2-propanediol, which can be used for every solar liquid. 
The technical solubility coefficient ߣ୒ଶ is chosen for presenting solubility results. It is defined as 
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ɉ୒ଶ ൌ
୒ǡ୒ଶ
ୗ ڄ ୒ଶ (1) 
The correlation to the Henry constant ܪ୒ଶ is as following  
ɉ୒ଶ ൌ
ͳ
୒ଶ ڄ
୒ଶ
ୗ ڄ ɏ୒ǡ୒ଶ (2) 
The setup of the experiment is based on a static method along with an isochoric thermodynamic process. The test 
rig consists of two tempered volumes: the gas reservoir and the reactor. The reactor includes the solvent with a gas 
phase above it and is in steady state. A defined amount of pure gas is moved from the pressurized reservoir to the 
reactor. The partial pressure increases in the reactor and gas is partly dissolved in the liquid due to absorption until a 
state of equilibrium is achieved. By measuring the pressure difference between the two states in the reactor the 
amount of dissolved gas and finally the solubility coefficients can be determined. The measuring method in detail is 
explained in [1]. 
Results for solubility coefficients of a representative solar liquid Tyfocor® LS were already presented in [1] and 
show significant differences to the known solubility data of water from [3].  
Tyfocor® LS is based on a 1,2-Propanediol (propylene glycol)/water mixture of 41.84 % glycol by weight and 
additionally contains inhibitors (1-2 % by weight) avoiding corrosion, fast aging etc. To evaluate the influence of 
inhibitors on solublity a pure glycol/water mixture with the same percentage of glycol as in Tyfocor® LS was 
analyzed. Solubility results of Tyfocor® LS and pure 1,2-Propanediol/water with 41.48 % are shown in Figure 1.  
No significant differences between the pure propanediol/water mixture and solar liquid with inhibitors could be 
detected. The measuring results of the mixtures differ only within the range of measurement errors. Therefore the 
inhibitors only have a low influence to the solubility due to their low mass fraction. It is assumed, that for 
technically interesting uses it is feasible to generally use the solubility coefficients of pure 1,2-propanediol/ water 
mixtures of the respective glycol/water ratio.  
 
 
Fig. 1. Comparison of solubility coefficients of nitrogen in Tyfocor® LS (LS) and 1,2-propanediol/water mixture with 41.84 % glycol by weight 
(41G), estimated measurement uncertainty ±0.0015 Ncm³/(gڄbar). 
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Due to frost protection the glycol/water ratio depends on the minimum possible fluid temperature in winter. 
Solubility coefficients for nitrogen in 1,2-propanediol/water mixtures were investigated in [2] for various ratio, but 
only at 25 °C. So the temperature dependent solubility coefficients for temperatures between 10 °C and 110 °C have 
been determined for 1,2-propanediol/water mixtures with different mass fraction of propanediol. 
In Figure 2 solubility coefficients are shown for the investigated pure 1,2-propanediol/water mixtures 25 % 
(25G), 41.84 % (41G) and 100 % (100G) glycol by weight. The values for water originate from [3]. In contrast to 
water, pure glycol (100G) shows continuously increasing solubility with increasing temperature. The difference 
between water and 100G is about 50 % at 10 °C and increases up to 300 % at 110 °C. 25G and 41G show 
significantly lower values. The solubility ߣ୒ଶ of 25G has a minimum at about 50 °C.  
 
Fig. 2. Solubility coefficients of nitrogen in 1,2-propanediol/water mixtures of 0% (H2O) [3], 25 % (25G), 41.84 % (41G) and 100 % (100G) 
glycol by weight, estimated measurement uncertainty ±0.0015 Ncm³/(gڄbar). 
The printed lines of regression are based on the equation 
ߣேଶሺݐሻ ൌ ܽ଴ ൅ ܽଵ ڄ ݐ ൅ ܽଶ ڄ ݐଶ   (3) 
with the variable temperature t and the coefficients given in Table 1. 
Table 1. Coefficients for regression curves, valid range: ݐ ൌ ͳͲǤ ǤͳͳͲι.
 ߦ୥୪୷ୡ୭୪ ܽ଴ ܽଵ ܽଶ 
Substance - 
ଷ
 ڄ  
ଷ
 ڄ  ڄ ι 
ଷ
 ڄ  ڄ ιଶ 
1,2-propanediol/water 0.25 0.0142 -1.31e-4 1.08e-6 
1,2-propanediol/water 0.4184 0.0104 -0.32e-4 0.68e-6 
1,2-propanediol 1 0.0241  1.29e-4 0.12e-6 
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Fig. 3. Relation between solubility coefficients of nitrogen in 1,2-propanediol/water mixtures and mass fraction of glycol 
(a) measured solubility coefficients for given temperatures with variation of ±0,75 K;  (b) comparison to the results of [2]. 
Solubility coefficients as function of glycol mass fraction are given in Figure 3. For ߦ୥୪୷ୡ୭୪ ൌ Ͳ the solubility 
coefficients of water [3] were used.  
Figure 3(a) shows, that for temperatures less than 60 °C the solubility of the mixtures can be even less than the 
solubility of the pure water while above 60 °C the solubility is continuously rising with increasing ߦ୥୪୷ୡ୭୪ . In 
Figure 3(b) the values from [2] are compared to the measured values at similar temperatures. They show similar 
results. For 25 °C the minimum of solubility is at about ߦ୥୪୷ୡ୭୪ ൌ ͲǤͶǥͲǤͷ and therefore in the range of common 
mixtures for solar liquids as Tyfocor® LS. 
The measured data acknowledges the fact, that a linear interpolation between the pure components ߦ୥୪୷ୡ୭୪ ൌ Ͳ 
(water) and ߦ୥୪୷ୡ୭୪ ൌ ͳ (pure 1,2-propanediol) is not feasible. The further aim should be to create a regression 
function ߣሺݐǡ ߦ୥୪୷ୡ୭୪ሻ valid for any temperature ݐ in a technical relevant range and for any mass fraction ߦ୥୪୷ୡ୭୪ . 
Therefore measurements for 1,2-propanediol/water mixtures at more mass fractions are necessary.  
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3. Methods for measuring gas loads in solar/hydraulic systems 
 
 
Fig. 4.  (a) sampling branch in parallel to the solar pump; (b) difficulty of measuring the gas concentration using liquid samples. 
3.1. Dissolved gases 
The atmospheric gases nitrogen and oxygen can be determined taking a sample of the solar liquid. The samples 
are analyzed in a laboratory using a gas chromatograph. This approach allows identifying the concentration of 
oxygen ܿ୓ଶ (sum of argon and oxygen) and nitrogen ܿ୒ଶ. As validity check oxygen is measured inline via a probe 
head using an electrochemical method. The measurement method has been validated with a multiplicity of 
samples [4]. The procedure is the following: 
x The installed sampling branch (see Fig. 4(a)) is flushed intensely. A sampling bottle conditioned with 
helium is partly filled with the solar liquid. 
x The equilibrium state between gaseous and liquid phase is reached in the sampling bottle. A gas 
chromatograph of a laboratory determines the amount of the Constituents ݅ of the gas phase (ᇱᇱ୧). x Knowing the solubility coefficients ɉ୧ሺሻ for the relevant solar liquid the small remaining amount of the 
dissolved constituents ᇱ୧ can be specified. The total amount can be calculated via ୧ ൌ ᇱ୧ ൅ ᇱᇱ୧ x The concentration of the gas ݅ inside the sample ܿ௜ can be identified using the total amount ݊௜ and the 
volume of the solar liquid in the sample. 
The measurement uncertainty is about േ10% of the indicated value. This is because even intense flushing can’t 
eliminate small air bubbles at the inlet of the sampling bottle ball valve and because of the overlay of the 
uncertainties of the single measured quantities.  
All samples are taken from the bottom of the investigated solar systems. They only involve the gas content at this 
specific part of the system. Primarily this are dissolved gases, but also can be micro bubbles transported with the 
fluid flow (see Fig. 4(b)). In most cases a constant concentration can be assumed for the whole system. Gas cushions 
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at the top of the solar system can’t be specified with this method. Therefore it was necessary to develop a new 
approach. 
3.2. Free gases - “Gas Bubble Test” 
  
Fig. 5.  Simplified Scheme of a solar system with gas cushion on the top, necessary equipment and physical values for GBT. 
 
A new method for estimating undissolved gases (gas cushions) in a hydraulic system, called “Gas Bubble Test” 
(GBT), was evolved within the scope of the research project. The basic principle is to take advantage of the high 
compressibility of gas and the approximately incompressibility of liquids. Figure 5 shows a simplified scheme of a 
solar system with free gas cushion on the top. For the Gas Bubble Test it is necessary to have a flushing unit, a 
measuring cylinder (or weighing scales) and a precise pressure sensor. The position (static height) of the air cushion 
has to be known. The volume of the gas cushion ୋܸ୆ is determined by the following steps: 
1. The irradiation should be nearly zero (safety issue). The solar pump is switched off. Pressure control PC (e.g. 
membrane pressurized expansion tank) is separated from the system to eliminate this compressible part.  
2. The gas cushion has the unknown volume ୋܸ୆ǡଵ. The pressure ݌ଵ is measured (State 1). 
3. Additional fluid is pumped into the system using a flushing unit. The gas cushion is being compressed. 
Pressure ݌ଶ is measured (State 2). 
4. Fluid is drained from the system into the measuring cylinder, until pressure ݌ଵ is reached approximately 
(State ͳכ , ݌ଵ ൎ ݌ଵכ ). The drained fluid ȟ ୊ܸ୪୳୧ୢ  correlates with the volume difference of the gas cushion 
between State 2 and State ͳכ.  
5. The pressure maintenance is reactivated. The test procedure is completed. 
 
Two reference states are important for the volume of the gas cushion, which are State ͳכ and the Standard State N 
(݌୒ ൌ ͳǤͲͳ͵ʹͷ, ݐ୒ ൌ Ͳι). ୋܸ୆ǡଵכ represents the gas bubble volume at the top of the system and is an indicator 
for the impact to the system operation. ୋܸ୆ǡ୒ can be used for comparing the amount of gas at different operating 
points with various operation pressures. All states ݆ of the Gas Bubble Test are pictured in Figure 6. The volume of 
the gas cushion in State ͳכ can be determined according to Equation (7) or assuming some simplifications to 
Equation (8), where ݌୑ǡ௝ is the relative pressure displayed at the pressure sensor. 
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Fig. 6.  Summary of all states occurring during Gas Bubble Test; ݌ଵ ൎ ݌ଵכ. 
 
Principally the following effects should be taken into account: 
x The measured quantity ȟ ୊ܸ୪୳୧ୢ  results from the compression of the gas bubble, but also the (light) 
compression of the liquid ȟ ୊ܸ୪୳୧ୢǡୡ୭୫୮୰ୣୱୱ୧୭୬୪୧୯୳୧ୢ  and the (light) expansion of the system volume 
ȟ ୊ܸ୪୳୧ୢǡୱ୷ୱ୲ୣ୫, coursed by the volumetric strain of the system components. 
x The pressure varies during the changes of state (ͳ ൌ൐ ʹ ൌ൐ ͳכ) so that also the partial vapor pressure is 
varying. The chronological sequence of this effect is not known. 
x The solubility threshold for oxygen and nitrogen is changing due to the altering pressure. Directly at the 
phase boundary gas/liquid absorption and desorption is taking place with unknown chronological 
sequence. 
The following assumptions and simplifications have to be taken. The admissibleness will be proven via 
validation. 
x Gas cushions/bubbles are located at the top of the hydraulic system or at the top of the considered zone. 
x All single gas cushions and bubbles are assumed as only one cushion. Effects of surface tension of 
micro bubbles are neglected. 
x The change in state ʹ ൌ൐ ͳכ is accepted to be isothermal. 
x The balance envelop “gas bubble” is steady in State ʹ and ͳכ. The temperature of gas and liquid phase 
corresponds with each other. The gas phase is saturated with steam of the solvent. 
x There is no absorption or desorption taking place during the procedure due to the fast processing. The 
mass of the dry gas bubble is constant (݉ୋ୆ǡୢ୰୷ ൌ ݉ୋ୆ǡୢ୰୷ǡ௝, with ݆ ൌ ሼͳǡ ʹǡͳכሽ). 
It is recommended to evaluate the change in state ʹ ൌ൐ ͳכ. The advantages are simply and precisely measuring 
of ȟ୊୪୳୧ୢ  and the short time span needed for draining the liquid. This reduces measurement uncertainties and 
increases the accuracy of the method. 
The total (absolute) pressure of the gas cushion can be determined with Equation (4). The ͳ is present to 
convert ݌୑ from relative to absolute pressure. 
݌ୋ୆ ൌ ݌୑ െ ݌ୗ୘ ൅ ͳ ൌ ݌୑ െ ߩ୊୪୳୧ୢ ڄ ȟܪୗ୘ ڄ ݃ ൅ ͳ (4) 
The initial point of further calculations is the Ideal Gas Law for the dry gas cushion in State ʹ and ͳכ: 
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݌ୋ୆ǡୢ୰୷ǡ௝ ڄ  ୋܸ୆ǡ௝ ൌ ݉ୋ୆ǡୢ୰୷ ڄ ܴୱ ڄ  ୋܶ୆ǡ௝ ൌ Ǥ 
with ݆ ൌ ሼʹǡͳכሽ (5) 
The partial pressure of the dry gas cushion can be calculated as following: 
݌ୋ୆ǡୢ୰୷ǡ௝ ൌ ݌ୋ୆ǡ௝ െ ݌ୗǡ௝ሺ ୋܶ୆ሻ (6) 
As mentioned before, ȟ ୊ܸ୪୳୧ୢ  includes the compression of the liquid and the expansion of the system 
components. Both effects enlarge the measured fluid volume. For the gas bubble volume under up-station conditions 
the following correlation can be found: 
ୋܸ୆ǡଵכ ൌ ቀȟ ୊ܸ୪୳୧ୢ െ ൫ȟ ୊ܸ୪୳୧ୢǡୡ୭୫୮୰ୣୱୱ୧୭୬୪୧୯୳୧ୢ ൅ ȟ ୊ܸ୪୳୧ୢǡୱ୷ୱ୲ୣ୫൯ቁ ڄ
݌ୋ୆ǡଶ െ ݌ୗ
݌ୋ୆ǡଶ െ ݌ୋ୆ǡଵכ (7) 
In [5] it could be proven, that preciseness, which is sufficient for praxis, can be reached without considering fluid 
compressibility and pipe strain. The influence of the partial vapor pressure of the solvent can be neglected up to a 
gas cushion temperature of about 50ι. The simplified correlation can be seen in Equation (8). 
 
ୋܸ୆ǡଵכǡୱ୧୫୮୪୧୤୧ୣୢ ൌ ȟ ୊ܸ୪୳୧ୢ ڄ
݌୑ǡଶ െ ߩ୊୪୳୧ୢ ڄ ȟܪୗ୘ ڄ ݃ ൅ ͳ
݌୑ǡଶ െ ݌୑ǡଵכ  (8) 
 
 
 
Fig. 7.  Schematic diagram of a solar system, zones for Gas Bubble Test, necessary taps. 
 
730   Martin Heymann et al. /  Energy Procedia  48 ( 2014 )  721 – 730 
Accuracy of the method could be demonstrated in [5]. A test gas bubble, which is a part of a pipe with well-
defined volume, was connected to one investigated solar system. The volume could be measured according to 
Equation (8) with only small variance. One basic requirement is the well-known position (ȟܪୗ୘) of the cushion. To 
improve the accuracy of the method with unknown gas distribution, the Gas Bubble Test can be applied to separated 
zones of the solar system, which is shown in Figure 7 (“Gas Bubble Test in Sections”). 
 
Differing in three separable zones where the flushing unit (for pressing additional fluid into the system) is 
connected to Zone 1 the following relation can be found. The Gas Bubble Test is applied to Zone 1, then to Zone 1 
and 2 together and finally to the whole system. The gas cushion volume can be calculated according to Equation (8) 
when using the fluid volumes listed in Equation (9). 
ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵ ൌ ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵ 
ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଶ ൌ ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵାଶ െ ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵ 
ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଷ ൌ ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵାଶାଷ െ ȟ ୊ܸ୪୳୧ୢǡ୞୭୬ୣଵାଶ 
(9) 
The Gas Bubble Test in Sections is not applicable to the praxis, because the safety valve has to be separated from 
the collector field under some circumstances. This must be carried out exclusively, if the solar radiation is zero 
(ܩሶ ൌ Ͳ ଶΤ ) and the collector temperature and pressure are measured! In most cases this will be reserved to 
research projects only. 
4. Conclusions 
Solubility coefficients of a real solar liquid with typical inhibitors and a pure 1,2-propandiol/water mixture with 
the same ratio of 41.48 % 1,2-propandiol by weight show no significant differences. Therefore it is feasible to 
generally use the solubility coefficients of pure 1,2-propanediol/water mixtures of the respective glycol/water ratio 
instead of measuring the solubility for each type of solar liquid based on 1,2-propanediol and water. Solubility 
coefficients are measured in the range of  ݐ ൌ ͳͲǤ ǤͳͳͲι and regression curves are created for 1,2-propandiol/water 
mixtures of 25 %, 41.48 % and 100 % 1,2-propanediol by weight. For solubility as a general function of temperature 
and mass fraction of 1,2-propanediol like ߣሺݐǡ ߦ୥୪୷ୡ୭୪ሻ further measurements are necessary. 
For the first time the Gas Bubble Test allows the determination of undissolved gases (gas cushions) in any kind 
of hydraulic system (depending on the used solvent, temperature and pressure parameters) in an easy and fast way. 
The GBT results can answer the following questions being relevant for solar thermal praxis: Was the filling 
procedure successful? Is the operation of a vacuum degasification unit required and which operation time is 
necessary? A considerable amount of experiments have been carried out within the context of the research project to 
answer these questions. The results are documented in detail in [5]. 
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